Aphids engage in symbiotic associations with a diverse assemblage of heritable bacteria. In addition to their obligate nutrient-provisioning symbiont, Buchnera aphidicola aphids may also carry one or more facultative symbionts. Unlike obligate symbionts, facultative symbionts are not generally required for survival or reproduction and can invade novel hosts, based on both phylogenetic analyses and transfection experiments. Facultative symbionts are mutualistic in the context of various ecological interactions. Experiments on pea aphids (Acyrthosiphon pisum) have demonstrated that facultative symbionts protect against entomopathogenic fungi and parasitoid wasps, ameliorate the detrimental effects of heat, and influence host plant suitability. The protective symbiont, Hamiltonella defensa, has a dynamic genome, exhibiting evidence of recombination, phage-mediated gene uptake, and horizontal gene transfer and containing virulence and toxin-encoding genes. Although transmitted maternally with high fidelity, facultative symbionts occasionally move horizontally within and between species, resulting in the instantaneous acquisition of ecologically important traits, such as parasitoid defense.
INTRODUCTION
Once considered a marginal phenomenon, symbiosis, in which different species engage in prolonged and intimate associations, is gaining recognition as a ubiquitous feature of animal life. In insects and other terrestrial arthropods, for example, associations with symbiotic microorganisms, especially bacteria, are pervasive. The bacterial associates of insects are often heritable, transmitted with high fidelity from mother to offspring. Because insects and their heritable bacteria share fates, but not necessarily common interests, inherited symbionts often exert effects that can profoundly influence the ecology and evolution of hosts. Among insects, the heritable symbionts of aphids are perhaps the best studied. Almost all aphids require a primary symbiont, Buchnera aphidicola, that provides nutrients not obtained in sufficient quantities from a restricted diet of plant phloem. In addition, aphids may also be infected with one or more additional bacteria, called secondary or facultative symbionts.
Although not generally required for survival and reproduction, facultative symbionts exert diverse effects on hosts. In the pea aphid, Acyrthosiphon pisum, the first insect in which many components of a diverse assemblage of bacterial symbionts have been studied, particular facultative symbionts confer protection against natural enemies, provide protection against heat stress, and broaden the range of suitable food plants. We review the groups of facultative symbionts known from aphids, emphasizing the diverse benefits conferred on hosts and the evidence that these symbionts provide a mechanism for horizontal transfer of adaptive traits.
Heritable Symbiosis in Insects
The widespread occurrence of heritable symbionts in arthropods has been documented with microscopy (6, 34, 71) and, more recently, molecular diagnostic tools (7, 53, 101, 111) . Theory indicates that for maternally transmitted symbionts to spread and persist within host populations, they must either provide fitness benefits to female hosts or manipulate reproduction of hosts in ways that enhance symbiont transmission (7, 112) . In insects, heritable symbioses can be divided into those obligate for hosts and those facultative for hosts.
Obligate Symbionts
Most beneficial symbioses examined to date have a nutritional basis. For example, insect groups that restrict their feeding to nutrientdeficient substrates, such as vertebrate blood or plant sap, possess obligate, primary symbionts that supply essential nutrients lacking in their diets. Primary symbionts typically occupy specialized host organs called bacteriomes (2, 6) and exhibit patterns of codiversification with host lineages, indicating that they are evolutionarily ancient and stable associations maintained by strict vertical transmission of symbionts from mother to progeny (111) . The genomes of examined primary symbionts are extremely reduced and evolutionarily static, exhibiting little evidence of foreign gene uptake via mobile genetic elements as is typical of their free-living and pathogenic relatives (69) . Roughly 10% of all insect species harbor nutritional symbionts (6, 24) . Bacteriome-associated symbionts of aphids and other sap-feeding insects have been the subject of numerous reviews (2, 25) .
Facultative Symbionts
In contrast to bacteriome-associated primary symbionts, facultative symbionts are generally not required for host development and reproduction, although the symbionts appear to replicate only in association with hosts. Unlike primary symbionts, facultative symbionts usually undergo some horizontal transmission, occur at low titers in hosts, and inhabit a variety of tissues. Surveys using diagnostic molecular markers reveal that particular facultative symbionts can be common across diverse arthropod lineages (53, 109, 117) . Conversely, certain insect groups are frequently infected with diverse assemblages of facultative symbionts (55, 63, 86, 115) . Even for symbiont lineages known to be widespread, investigations into effects on hosts lag far behind detection, and in most instances effects remain unknown. In cases that have been studied, however, the range of effects attributed to facultative symbionts includes both manipulating host reproduction (50, 51, 108, 112, 116) and having mutualistic effects that increase host survivorship or fecundity (48, 96) . Both kinds of strategy allow symbionts to invade host populations by increasing the frequency of infected host matrilines at the expense of uninfected ones (7).
GROUPS OF FACULTATIVE SYMBIONTS IN APHIDS

Historical Context
In contrast to obligate, primary symbionts, facultative symbionts often present an unremarkable bacterial cell size and shape, are not associated with a bacteriome, and occur sporadically in individuals and populations of a particular host species. As a result, they are less likely than primary symbionts to be noticed or to be distinguished from opportunists or pathogens.
In the course of investigations primarily directed at bacteriome-associated symbionts, Paul Buchner and coworkers made many early observations of facultative symbionts (6) . Using light microscopy, Buchner and his students observed that numerous insect species, including several aphids, contained not only the primary symbionts but also secondary symbionts. Buchner considered these less adapted and in the early stages of symbiosis. Though he could not consistently discriminate lineages of facultative symbionts on the basis of cell morphology, he did note that facultative symbionts occurred erratically in different aphid tribes and subfamilies and were especially common in the tribes Macrosiphini and Lachnini. Later, electron microscopy was used to provide better descriptions of morphology and locations of primary and facultative symbionts in Acyrthosiphon pisum (42, 64) and Macrosiphum rosae (49) ; these studies still were not able SSU rRNA: small subunit ribosomal RNA to fully distinguish phylogenetic lineages of facultative symbionts. Molecular sequence data are the major basis for our improved knowledge of the evolutionary relationships of bacteria in general (114) , including aphid facultative symbionts. The use of polymerase chain reaction (PCR), cloning, and sequencing to isolate sequences of noncultured organisms enabled recognition of the distinct bacterial lineages that have invaded aphid hosts. The first study exploiting these methods to discover the origins and diversity of noncultivable symbionts of insects was based on small subunit ribosomal RNA (SSU rRNA) sequences cloned from A. pisum in California (101) . These sequences revealed the presence and phylogenetic placement of an abundant primary symbiont (later named Buchnera aphidicola) within the Gammaproteobacteria but outside Enterobacteriaceae and a lower titer facultative symbiont (later named "Candidatus Serratia symbiotica") within the Enterobacteriaceae. This was the first of a large number of similar studies that have revealed the extent and diversity of heritable symbionts in insects (see reviews in References 2 and 69).
Subsequently, sequence-based evidence for both the diversity of aphid facultative symbionts and for their horizontal transfer among host lineages began to emerge, as PCR and sequencing of SSU rRNA genes were carried out for other aphid samples. A Rickettsia strain was described from A. pisum in California (12) , where it co-occurred with Serratia symbiotica (14) . The global distribution of facultative symbionts began to emerge as surveys expanded, using diagnostic PCR primers, restriction fragment analysis, and sequencing. A small survey of A. pisum clones from Japan, France, and New York revealed only one facultative symbiont type, with nearly perfect sequence identity to the previously determined California S. symbiotica sequences (35) . Later, a Spiroplasma species was reported, initially from Japanese A. pisum strains (36) . These initial indications from molecular data that facultative symbionts were polyphyletic were accompanied by a variety of microscopy-based studies showing that cell morphology and positions in hosts were much more variable compared with the primary symbiont (33, 35) . The evidence for phylogenetic diversity in aphid facultative symbionts was extended when three lineages of Enterobacteriaceae were discriminated in species of Macrosiphini, with all three occurring in clones of A. pisum and in different species of the genera Uroleucon and Macrosiphum (Figures 1, 2) (90) . One of these was the same as the S. symbiotica found earlier (14, 101) . A second (later called "Candidatus Hamiltonella defensa") was also described from English A. pisum and was close to that of a previously identified facultative symbiont of the whitefly Bemisia tabaci (17 (later called "Candidatus Regiella insecticola") was a novel sister lineage to H. defensa. A survey of 75 aphid species representing 15 aphid tribes showed that these three symbionts were widely distributed in aphids and revealed that aphids sometimes hosted three additional Enterobacteriaceae species, including a member of the previously recognized insect symbiont group Arsenophonus (86) .
Population sampling of five aphid species in England, based on restriction fragments, suggested that all three Enterobacteriaceae types as well as the Spiroplasma were present but not fixed (47) . In Japan, surveys of A. pisum populations showed the presence of two of the common Enterobacteriaceae (but not H. defensa) plus Spiroplasma and Rickettsia (99); French A. pisum harbored all three common Enterobacteriaceae plus the Rickettsia (93) . Thus, surveys published between 2001 and 2004 indicated that aphid facultative symbionts were highly diverse and dynamic, with symbionts differing among host species and among individual hosts within species. Some of these symbionts, including Arsenophonus, Rickettsia, and Spiroplasma, are known to infect a wide variety of insects. Others are known only from aphids (R. insecticola) or from aphids and related insect groups (H. defensa). Wolbachia, which is common in many insects including some other sap-feeders, is rare in aphids, although it has been found in Cinara cedri (Figure 1) (40) . A recent survey of the aphid subfamily Lachninae revealed that this group has an unusually high frequency of infection, with 78% of sampled species containing a facultative symbiont compared with 45% of aphid species overall (8) . H. defensa, R. insecticola, and more than one Serratia lineage have infected lachnids and have been horizontally transferred among lachnid species.
The close succession of these studies resulted in a variety of informal names for each symbiont lineage, including some named after the original host species ( Table 1) . For each of the three common Enterobacteriaceae, SSU rRNA sequences formed tight clusters that were highly distinct from those in other (71) . This evidence supported species status for each of the three groups, and candidate names were given to enable more consistency and in recognition of the abundant evidence that these facultative symbionts undergo transfer among distantly related hosts (71).
Sequence-Based Evidence for Horizontal Transfer Within and Among Species
The first clear indication of interspecies transfer of facultative symbionts was the isolation of nearly identical SSU rRNA sequences from A. pisum and M. rosae (14) . This was confirmed and extended by SSU rRNA sequences from symbionts of other aphid species (86, 90; summary in Reference 2), which were identical or nearly identical even when derived from distantly related host species. This erratic distribution is also found in facultative symbionts of psyllids, whiteflies, and scale insects and contrasts sharply with the usual pattern of cocladogenesis of symbiont and host species documented for primary symbionts (2).
Tissue Tropism and Transmission Between Host Individuals and Species
Aphid facultative symbionts can reside in hemolymph, within sheath cells associated with the bacteriome that houses B. aphidicola, or within bacteriocytes themselves, where they often appear to exclude B. aphidicola (Figure 2 ) (35, 49, 56, 64, 65, 71, 89, 98) . For a strain of S. symbiotica, first instar A. pisum nymphs contained about 20,000 symbiont cells, mostly concentrated in a few clusters within bacteriocytes or sheath cells and also occurring in substantial numbers outside cells in the hemocoel (35, 65) . The distribution in a host often varies over time, and additional cells and cell types may be colonized as symbionts proliferate during host development (35) . Within-host distribution appears similar for the three Enterobacteriaceae, which are the best studied (71); no observations are available for Rickettsia or Spiroplasma.
Maternal transmission during parthenogenetic generations is near 100% in lab colonies, for periods spanning numerous years and hundreds of generations (87, 90) . Symbiont losses from matrilines have been observed to occur at a low rate across the sexual generation in the laboratory (68) . Doubly infected parthenogenetic lines sometimes lose one symbiont type (90) but sometimes maintain both for many generations (80) . These observations are based on laboratory experiments; losses might be higher or lower in field conditions.
Paternal transmission also occurs, at least for R. insecticola and H. defensa, and can result in stable establishment of the symbiont in the descendant clonal lineage (68). In the case of different symbionts in the father and mother, progeny sometimes retain both. The frequency of such paternal inheritance in the field is unknown, but is a likely explanation for the occurrence of doubly infected clones in field populations. These are significant in that they provide an arena for recombination and gene exchange between symbiont genomes (22) (see Genomics of Aphids and their Symbionts, below).
Transfection experiments, in which facultative symbionts are transferred through microinjection of hemolymph between individuals of the same and different species, have been carried out repeatedly for the three common Enterobacteriaceae symbionts (14, 74, (77) (78) (79) 88) and for the Rickettsia (13, 14) and Arsenophonus symbionts (88) (13, 14, 87) . Nonetheless, the repeated success of transfection experiments clearly indicates that facultative symbionts have mechanisms for establishing themselves in naive hosts including species distant from their host of origin. This is consistent with molecular phylogenetic observations showing that closely related strains of facultative symbionts are scattered across host species and lineages. The actual mechanisms of interspecies transmission in field populations are unknown. Rare events of horizontal transmission would be sufficient to explain observed distributions, so failure to observe a transfer mechanism in a limited lab experiment does not rule out its role in large field populations. Cofeeding of infected and uninfected A. pisum clones on the same host plant did not result in transfer in two studies (13, 19) , and a single likely case of transfer was observed in another experiment in which infected and uninfected A. pisum clones were caged together (74). Aphids do not inject H. defensa into plant tissues in salivary secretions, but symbionts were detectable in honeydew (liquid feces) and siphuncular secretions (19) . Paternal transmission is probably sufficient to generate high frequencies of transfer within sexual populations (68) , and some male aphids attempt copulations with sexual females of related species (43) , possibly resulting in some interspecies transmission even if insemination is not achieved. However, more distant transfers must be occurring, at least occasionally.
PHENOTYPES ASSOCIATED WITH APHID FACULTATIVE SYMBIONTS
Aphids are ideal organisms for investigating the effects of facultative symbionts. Most species are cyclically parthenogenetic; reproduction occurs asexually for most of the annual cycle, with sexual morphs produced in response to decreasing photoperiod. These mate and produce overwintering eggs. Clonal lines can be maintained indefinitely in the laboratory under long-day-length conditions. Infections with facultative symbionts can be manipulated to create experimental lines with the same aphid genotype but with different symbiont complements. This can be accomplished using microinjection to transfect a previously uninfected host, as discussed above, or by using antibiotics to selectively cure one or more facultative symbionts, without concurrent harm to B. aphidicola (Figure 3) (14, 56, 57) . In this section, we review experimental studies comparing aphid lines differing only in facultative symbiont infection status and demonstrating that infection with particular heritable symbionts can influence diverse ecological interactions and confer strong fitness benefits in particular environments.
Defensive Effects of Facultative Symbionts
Most insects suffer attack from a range of specific natural enemies, including pathogens, predators, parasites, and parasitoid wasps. Because microorganisms, especially bacteria, have the capacity to make a diverse assortment of biologically active compounds, including toxins, insects could benefit by associating with organisms capable of providing additional protection. Recent work on diverse invertebrate hosts has indeed revealed that heritable symbionts can confer protection against a range of natural enemies (76) .
A defensive role for aphid facultative symbionts was first identified in interactions involving A. pisum and the solitary endoparasitoid wasp Aphidius ervi, a major natural enemy in North America. After locating an aphid nymph, a female wasp deposits an egg into the aphid hemocoel, which subsequently develops within a living aphid before pupating and eventually killing the host (39). Oliver et al. (79) tested the effects of infection of the three common A. pisum facultative symbionts on parasitism by A. ervi in a common aphid genotype. They found that single strains of S. symbiotica and H. defensa, but not of R. insecticola, each reduced rates of successful parasitism by A. ervi by killing developing wasp larvae (Figure 4a ) (79) . Furthermore, parasitized aphids bearing H. defensa (but not S. symbiotica) produced significantly more offspring than parasitized uninfected aphids, indicating direct fitness benefits to H. defensa infection when under attack by parasitoids (78) . Only one strain each of S. symbiotica and R. insecticola was assayed for providing resistance to parasitism by A. ervi, and other strains may confer such protection.
Multiple strains of H. defensa were subsequently examined in a common aphid genotypic background; all conferred partial protection against attack by A. ervi, indicating that H. defensa generally provides protection against this wasp (77) . Levels of protection varied dramatically depending on strain, from small reductions in successful parasitism to nearly complete protection. One strain of H. defensa, derived from another aphid species, Aphis craccivora, also conferred resistance to A. ervi in A. pisum, suggesting a protective role for H. defensa in other aphids, as well as the potential for resistance in one aphid species to be transferred to another unrelated aphid species (77) . Additionally, similar levels of protection were found for a single strain of H. defensa established in multiple A. pisum clonal backgrounds. These experimental findings for North American aphids and symbionts are corroborated by studies demonstrating variation in British A. pisum in susceptibility to parasitism by A. ervi and its congener A. eadyi (31) , and a significant association between infection with H. defensa and resistance to attack by both parasitoids (30 (75) . Aphids are also subject to potentially lethal infections by viral, bacterial, and fungal pathogens. One of the most common and important is the aphid-specific fungal entomopathogen Pandora neoaphidis. Spores of P. neoaphidis germinate and produce hyphae that colonize the aphid's cuticle, subsequently invading the integument and killing the aphid. Ferrari et al. (31) reported large variation among A. pisum clones in resistance to P. neoaphidis and later found a strong association between this resistance and infection with R. insecticola (30) . A study using experimental lines created through microinjection compared several R. insecticola-infected lines to uninfected counterparts and confirmed that R. insecticola was responsible for the observed protection against Pandora (Figure 4b) (91) .
Thus, all three common facultative symbionts of A. pisum (H. defensa, R. insecticola, and S. symbiotica) influence interactions with host natural enemies. Symbiont-based defense
has not yet been fully demonstrated in any other aphid species. However, two studies demonstrated strong correspondence between infection by R. insecticola or H. defensa and parasitoid resistance. In a study examining variation of Myzus persicae clones in resistance to parasitism, a clone completely resistant to attack by two parasitoid species harbored R. insecticola (106) . In another study of Aphis fabae and clonal strains of the parasitoid Lysiphlebus fabarum, aphid clones without H. defensa were uniformly susceptible, whereas clones with H. defensa showed varying levels of resistance, with some interaction with parasitoid strain (107) .
These benefits to infection with protective facultative symbionts provide a mechanism for the invasion and maintenance of these symbionts in aphid populations. In a population cage experiment, Oliver et al. (74) confirmed that parasitism pressure can result in a rapid and dramatic increase in the proportion of H. defensa-infected A. pisum. In the same study, the frequency of H. defensa-infected A. pisum declined in the absence of wasps, indicating a likely cost to infection in the absence of parasitism (74) . The observation that H. defensa remains at intermediate frequencies in A. pisum populations may be best explained by these costs.
Effects on Heat Tolerance
The range and variability of temperatures an organism can tolerate are important factors in determining geographic range. Many aphids are vulnerable to heat, showing decreases in survival, fecundity, and mass, and increases in development time (13) . Several aphid species show decreased fitness at temperatures as low as [25] [26] [27] [28] • C (13, 29, 62, 100) , and most aphid species cannot survive temperatures above 
38-40
• C (5). Exposure to heat dramatically decreases the number of bacteriocytes and B. aphidicola cells (24, 66, 73) , which likely explains poor aphid performance under these conditions.
The abundance of facultative symbionts in hot places, such as the Central Valley of California, where infection frequencies of S. symbiotica in A. pisum reach 80%, led to the first experiments on effects of facultative symbionts on heat tolerance (14) . Testing experimental lines created using microinjection, Chen et al. (13) found that one A. pisum clone infected with S. symbiotica or Rickettsia had higher fitness, compared with uninfected aphids, after heat treatment constant at 25
• C on several host plants. However, two other aphid clones exhibited no differences in fitness attributable to facultative symbionts, suggesting symbiont-by-aphid genotype interactions (13) . The same A. pisum lines were tested again using a heat treatment of 39
• C for 4 hours, and infection with S. symbiotica rescued aphid fecundity up to 50% compared with control aphids (not heat-treated), whereas uninfected aphids produced almost no offspring following heat stress (66) (Figure 4c) . The protective effects of S. symbiotica were more pronounced when younger aphid nymphs were subjected to heat shock. Aphids infected with S. symbiotica retained 70% of their bacteriocytes following heat treatment, compared with 7% in uninfected aphids, suggesting that infection with S. symbiotica shields B. aphidicola from heat damage (66) . Furthermore, S. symbiotica infection frequency significantly increased in warmer seasons at two of three California localities surveyed. In contrast to the effects of S. symbiotica, Rickettsia did not increase fecundity or bacteriocyte numbers when aphids were subjected to heat stress.
Another study using A. pisum clones and S. symbiotica strains from Arizona, Wisconsin, and New York also showed a beneficial effect of S. symbiotica on aphid survival, development time, and fecundity during heat stress and revealed variation in the levels of protection conferred by particular symbiont strains (88) . S. symbiotica strains isolated from colder locations (Wisconsin and New York) were less beneficial during heat stress than strains originating in Arizona. In the same study, the protective effects of H. defensa and R. insecticola during heat stress were measured, and H. defensa improved survival but not fecundity or development time.
A recurring mutation in the promoter of a heat-shock gene in B. aphidicola underlies some variation in heat tolerance in A. pisum and may be confounded with effects of facultative symbionts in earlier experiments (27) . In field populations, heat-tolerant (S. symbioticainfected, active B. aphidicola promoter) aphids had a selective advantage over sensitive (uninfected, impaired B. aphidicola promoter) aphids when subjected to a heat treatment (45) . However, heat-tolerant aphids were more susceptible to predation due to density effects, highlighting the complexity of environmental effects acting in natural populations of aphids.
Interactions with Host Plants
A. pisum contains several genetically distinct host races that are specialized for feeding on a particular host plant species and that show partial genetic differentiation; the best-studied examples are populations on alfalfa (Medicago sativa) and red clover (Trifolium pratense) in the northeastern United States (46, 104, 105) . Worldwide surveys of A. pisum populations have revealed an association between infection with R. insecticola and the use of clover as a host plant (30, 61, 93, 99) . Leonardo & Muiru (61) showed that R. insecticola infection was correlated with higher fitness of aphid clones feeding on white clover (Trifolium repens), but analyses designed to disentangle effects of host genotype and facultative symbiont infection revealed that R. insecticola is beneficial for only some aphid genotypes feeding on clover. In an A. pisum clone from Japan, R. insecticola infection improved performance on white clover, but not on vetch (Vicia sativa) (Figure 4d ) (97) . A similar study in California failed to show an effect of R. insecticola infection on performance on white clover (59) . A third study of five European A. pisum clones found that infection with R. insecticola increased performance on red clover in only one aphid background (32) . Together these results indicate a complex association between R. insecticola infection, aphid genotype, and host plant use. The strong association between infection with R. insecticola and use of clover as a food plant may be influenced by other factors, such as a historical association of R. insecticola with a clover-associated host race (93) or differences in selective forces associated with particular host plants in the field but absent from laboratory trials. For example, the association between R. insecticola and clover could be explained by protection conferred by R. insecticola against P. neoaphidis if the likelihood of encountering fungal pathogens is higher on clover than on other food plants.
Facultative symbionts could also influence aphid performance on host plants by providing supplemental boosts to nutrient supplies or by competing with B. aphidicola or the aphid for essential nutrients. Studies using artificial diets with variable sugar and amino acid concentrations revealed only small and variable effects of infection with H. defensa, R. insecticola, or S. symbiotica on the growth rates of aphids (26) . The titer of S. symbiotica increases with decreasing levels of dietary nitrogen, which could affect aphid performance on low-nitrogen plants (113) . The aphid Aphis fabae exhibits lower fitness on a suboptimal host plant, Lamium purpureum, and infection with R. insecticola or S. symbiotica further reduces aphid performance (11) . In the same study, titers of the two symbionts were elevated in aphids feeding on both L. purpureum and low-nitrogen artificial diets, suggesting that the increased densities of facultative symbionts in response to low dietary nitrogen may lead to poor aphid performance (11) . Thus, in some cases, infection with facultative symbionts may expand the range of suitable food resources by allowing an aphid clone to use additional food plants (97) , whereas in other cases, infection may restrict host range by making low-quality plants even less suitable.
Genomics of Aphids and Their Symbionts
Genome sequencing and gene expression analyses are increasingly common tools to address functional, ecological, and evolutionary questions, and a growing number of studies have used genomic approaches to investigate symbioses, particularly in aphid hosts. For example, the first B. aphidicola genome, sequenced for A. pisum (92) , revealed that ∼10% of B. aphidicola genes are devoted to biosynthesis of essential amino acids that are at low concentrations in plant sap, verifying early experimental work indicating a nutritional role for B. aphidicola (28) .
Analysis of genome sequences derived from facultative symbionts is a promising way to understand their evolution and functional roles. Because aphid facultative symbionts cannot be grown in pure culture and are not present at high titer in hosts, obtaining sufficiently pure DNA samples posed an initial challenge to genome-sequencing projects. However, purification and cloning techniques can yield DNA samples with high representation of facultative symbiont genomes, and new sequencing methods improve cost-effectiveness for sequencing projects (67) .
The genomes of bacteria with similar lifestyles converge in genomic architecture, size, and sequence characteristics. Obligate intracellular pathogens and symbionts, such as B. aphidicola, tend to have small (<1 Mb), rapidly evolving, A+T-rich genomes displaying minimal horizontal gene transfer (HGT) or mobile DNA. In contrast, free-living bacteria and opportunistic pathogens, such as Escherichia and Pseudomonas species, have larger genomes (3-6 Mb) with moderate A+T composition, frequent HGT, and mobile DNA. Genomes of facultative symbionts are predicted to fall somewhere in the middle of this continuum depending in part upon the age of the association, degree of tissue specialization, and frequency of horizontal transmission among host lineages. Horizontal transmission can result in coinfection of hosts, which in turn provides In contrast to B. aphidicola genomes, which are largely static except for ongoing lineagespecific deletions, the H. defensa genome is highly dynamic, with evidence of HGT, recombination, and transpositional activity. This includes the lysogenic bacteriophage APSE, which is the only active phage in the genome. Genome sequences from seven APSE strains encode a heterogeneous suite of eukaryotic toxins, which are correlated with variation in levels of protection to parasitoids (21) . The H. defensa chromosome also encodes an assortment of putative virulence loci, including ten effector proteins putatively delivered by the two type III secretion systems, and ten intact RTX (repeats in toxin) toxins and their associated transporters (23) . In pathogenic Enterobacteriaceae, including Salmonella and Yersinia species, type III secretion systems function in the invasion of eukaryotic cells (37) , and the presence of these genes is evidence of invasive potential of H. defensa, consistent with its ability to infect and persist in novel hosts. The genome of R. insecticola was recently sequenced, although not fully assembled: It is about the same size as the H. defensa genome but shares only about 55% of the gene set and shows extensive sequence divergence and chromosome rearrangements (20) . Genomic features of S. symbiotica remain uncertain, but sequencing projects are in progress (41) .
Cultivation of facultative endosymbionts.
Classically, the inability to culture endosymbionts impeded their characterization and classification (71) . Although the amplification and sequencing of endosymbiont DNA have been invaluable tools, cultivation is required for reverse genetic screens to directly assess gene functions. Only a small number of facultative endosymbionts from other insects have been cocultured with insect cells (52, 81, 110) or grown in pure culture (9, 15, 16, 38) . Difficulties in culturing these microbes likely reflect the slowly growing and microaerophilic lifestyle and the loss and inactivation of genes, resulting in reduced cellular integrity and requirements for metabolites available in the host but not in standard culture media (84) . R. insecticola and H. defensa were recently cocultured with Aedes albopictus C6/36 cells (18), a step that may facilitate in vitro experiments to examine strain variation and explore gene functions.
Interactions among symbionts.
Interspecies bacterial communities are expected to involve complex interactions, which can range from beneficial to antagonistic. The highly reduced genome of B. aphidicola renders it relatively passive, as it lacks evident mechanisms for antagonistic interactions (70, 82, 92, 95, 103) . Facultative symbionts, with larger genomes and corresponding capabilities, have greater potential for developing or influencing interactions with B. aphidicola or with one another. For example, B. aphidicola and a strain of S. symbiotica from the cedar aphid (Cinara cedri ) appear to divide the responsibility of tryptophan biosynthesis, the former containing trpEG and the latter trpBCDA (41) . However, two other strains of S. symbiotica sometimes suppress B. aphidicola densities in A. pisum, which can decrease aphid fitness (56, 78 
Implications of Facultative Symbionts for Insect Ecology and Evolution
The ability of facultative endosymbionts to introduce novel heritable traits into their hosts (e.g., parasitoid immunity) is expected to influence not only the abundance of the symbiont but the success and evolution of the hosts as well. For example, one of the proposed mechanisms of speciation in phytophagous insects involves host plant specialization (4), and as discussed, aphid facultative symbionts can influence host plant use (97) . R. insecticola also altered production of sexual morphs and alate dispersal morphs in A. pisum, traits that could also influence gene flow by promoting specialization or reinforcing a preexisting isolating boundary (60) . Host plant shifts or range expansions can alter the impact of natural enemies, so defensive symbionts such as H. defensa might influence the capacity to acquire new hosts or invade new geographic areas. The role of facultative symbionts in insect hosts parallels the role of horizontally transmitted genes in bacteria, allowing the instantaneous uptake of novel capabilities from foreign sources and allowing genes that were selected in one species to be stably transferred to another species. This mode of evolution is a dramatic departure from traditional views of gene and trait evolution in animals: An implication is that insect lineages can regularly take up novel capabilities and can retain these over generations. In a few cases, genes from facultative symbionts may be acquired as functional genes in the host, as for two genes in A. pisum that appear to have arisen from an ancestral Wolbachia or Rickettsia infection (72) . Facultative symbiont genomes and capabilities are themselves dynamic, as indicated by the abundant evidence for frequent gene exchange and phage-mediated gene uptake. The potential for continuing novelty from symbiont-encoded traits contrasts dramatically with the static nature of B. aphidicola and other primary symbionts.
Facultative Symbionts in Agriculture and Medicine
Documenting the presence of facultative symbionts and identifying their effects on hosts can have important implications for the management of pest species. For example, classical biological control programs use specialist natural enemies, including parasitoids, predators, and pathogens to curb populations of herbivorous insect pests, while limiting damage to nontarget hosts. Defensive symbionts in target organisms could thwart biological control efforts. The variable outcomes of biological control programs, which range from successful to unexpectedly ineffective, are potentially explained by cryptic microbial defenders (reviewed in References 54 and 94). On the other hand, herbivorous insects introduced to control weed populations may fail to establish owing to attack from natural enemies (reviewed in Reference 54) and could benefit from the presence of defensive symbionts. Facultative symbionts that influence host plant range or thermal tolerance may also influence the pest status of an herbivorous insect or aid or hamper biological control efforts. For example, infection with a particular heritable symbiont may be necessary for a herbivorous control agent to use the target weed as a food plant, or establishing weed control agents in warmer climates may require symbionts that provide thermal tolerance.
The protective symbionts of aphids also provide a source of diverse, biologically active compounds that are potentially useful in medicine. Some of the phage-associated toxins that have been identified in H. defensa and linked to the protective phenotype are homologous to toxins produced by important human pathogens (1, 21, 83) . One of these, cytolethal distending toxin, disrupts the cell cycle in eukaryotic cells by damaging DNA, leading to cell death (58) . The mechanism of this toxin makes it a candidate to slow or stop cancerous cell growth.
Compounds from other defensive symbionts are already being tested in this capacity. For example, a Pseudomonas species (Gammaproteobacteria) found in the rove beetle, Paederus fuscipes, produces an antipredator toxin called pederin that suppresses tumor growth in cancer cell lines (85) .
PERSPECTIVE AND FUTURE ISSUES
The integration of experimental studies and molecular work to identify mechanisms underlying the diverse functions attributed to facultative symbionts is a key next step. With multiple B. aphidicola genomes published, and the genomes of A. pisum and H. defensa completed (and others on the way), we will soon have many more tools available to investigate these mechanisms, as well as to examine interactions between facultative symbionts and aphid hosts and interactions among the symbionts themselves. Facultative symbionts present a network of exchange and recombination of horizontally transmitted but heritable genes, with fundamental implications for our views of evolutionary mechanisms. To date, aphids, especially A. pisum, present the most studied systems of multiple heritable symbionts, but some findings suggest that these processes extend to other invertebrate groups (44) . More work is needed to determine the distributions and the roles of facultative symbionts in other species and thus to illuminate the extent of their impact on the population biology of insects.
SUMMARY POINTS
1. Facultative symbionts of aphids engage in mutualistic interactions that increase their hosts' survivorship or fecundity and thus enable the persistence of infected lineages in populations.
2. Aphid facultative symbionts represent diverse bacterial lineages (Alphaproteobacteria, Gammaproteobacteria, and Mollicutes) that reflect multiple independent transitions to intracellular lifestyles.
3. Aphids are subject to a range of ecological stressors, including specific natural enemies (e.g., pathogens and parasitoids), temperature shifts, and changes in plant hosts, and heritable endosymbionts may compensate for limited innate genetic mechanisms in aphids to counteract these stressors.
4. Facultative symbionts in insect hosts parallel the role of horizontally transmitted genes in bacteria, allowing the instantaneous uptake of novel capabilities from foreign sources.
5. Facultative symbionts have dynamic interactions with other bacteria and phages that provide opportunities for generating new combinations of ecologically important genes.
6. Heterogeneity in phenotypes expressed among strains of particular symbiont lineages is the result of genetic exchange and recombination.
7. Linking molecular sequence information to phenotypic effects on hosts is critical for the study of insect facultative symbionts.
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